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ABSTRACT: Dipyridine N,N′-dioxide is a structural fragment found in many bioactive compounds. Furthermore, chiral analogues 
secured their place as powerful Lewis base catalysts. Scope of the existing methods for the synthesis of atropisomeric dipyridine 
N,N′-dioxides is limited. Herein, we present a practical, highly chemo- and stereoselective method for oxidative dimerization of chiral 
pyridine N-oxides using O2 as a terminal oxidant. A series of 13 axially chiral dipyridine N,N′-dioxides were synthesized in up to 
75% yield.  
Heterocyclic N-oxides, including their bis-heterocyclic ana-
logues, accrued an extensive record of applications in drug dis-
covery and natural product chemistry,1 while chiral mono N-
oxides and N,N′-dioxides become important players in asym-
metric catalysis due to their distinct Lewis basic properties.2 A 
selection of the most efficient N,N′-dioxide organocatalysts is 
shown in Figure 1. Except for some derivatives of 2,3 44 and 5,5 
such compounds are obtained by coupling of the monomeric 
pyridine precursors. Typically, the synthesis of N,N′-dioxides 
relies on a transition metal mediated coupling of 2-ha-
lopyridines 7 (Scheme 1) followed by N-oxidation and separa-
tion into enantiomers or diatereoisomers, as appropriate. Com-
pounds 1-3 were synthesized by this route (Scheme 1, 7 → 8 → 
9).6 Since the preparation of 2-halopyridines requires a syn-
thetic detour, an alternative direct oxidative coupling of N-ox-
ides 10 (Scheme 1) was realized for making 67 and its ana-
logues.8 
Synthesis of 6 involves low-temperature deprotonation of the 
monomeric pyridine-N-oxide followed by oxidation with mo-
lecular iodine to trigger dimerization. In some instances, the at-
ropisomers were formed with excellent diastereoselectivity, 
however the yields suffered from the formation of substantial 
quantities of the respective 2-iodopyridine N-oxide as a byprod-
uct. In addition to the diastereoselectivity issues, direct coupling 
of pyridine-N-oxides 10, depending on the reaction conditions, 
can afford up to three products: bipyridines 8,9 mono- N-oxides 
119a, 10 and N,N′-dioxides 97b, 7c, 10e, 11 (Scheme 1). Therefore, de-
mand for a robust and efficient method for coupling of pyridine 
N-oxides still has not been fulfilled.12 
Herein, we present a practical, highly chemo- and distrereose-
lective method for oxidative dimerization of lithiated pyridine 
N-oxides employing oxygen as a terminal oxidant. 
  
Figure 1. Axially chiral bipyridine-N,N′-dioxides. 
The chemoselectivity in the formation of mono N-oxide 11 or 
N,N’-dioxide 9 from the deprotonated monomeric pyridine-N-
oxide 10 is controled by the interplay between two different re-
action manifolds. Thus, a nucleophilic addition of α-metallated 
N-oxide to a neutral 10 followed by elimination of metal hy-
droxide leads to 11, whereas oxidation of the anion to radical 
species results in dimerization product 9.7c, 10e 
Pursuing our longstanding interest in chiral N,N’-dioxide cat-
alysts for asymmetric C-C bond formation,11b, 13 we focused on 
developing a simple and practical method for selective oxida-
tive coupling of pyridine N-oxides. 
Scheme 1. Synthesis of bipyridine N,N′-dioxides by dimeri-
zation of mononuclear precursors. 
 
Synthesis of chiral monomeric N-oxides 16a-o was accom-
plished in three steps from commercially available ketones 12 
by Kröhnke annulation of 13 and (1R)-myrtenal 14 to afford 
pyridines 15 that were further oxidized with mCPBA to 16 
(Scheme 2).14 Next, N-oxide 16a was selected as a model sub-
strate for developing conditions for its oxidative dimerization 
into 17a (Table 1). 
Scheme 2. Synthesis of atropisomeric bipyridine N,N′-diox-
ides. 
 
Deprotonation of 16a was carried out with LDA (1.3 equiv) 
at –78 ºC. Quenching with MeOD after 5 min revealed 78% D 
incorporation. For the oxidation of the anion, molecular iodine 
was assessed first following the literature methods.7c, 8b How-
ever, only the respective 2-iodopyridine N-oxide was obtained 
in high yield (entry 1). The length of deprotonation had no ef-
fect on the reaction outcome (entries 2 and 3). Earlier, we re-
ported a single example of oxidative coupling of deprotonated 
16b in a modest yield in the presence of oxygen, but reproduc-
ibility was low.11b, 13 We now undertook a more detailed inves-
tigation of this reaction. Allowing the deprotonation to run for 
30 min (or longer) and then introducing O2 gave no coupling 
product, with starting material being quantitatively recovered 
(entry 4). However, when O2 was applied immediately after ad-
dition of 16a to LDA, dioxide 17a formed as a single diastere-
oisomer (d.r. > 25:1) in 71% yield (81% based on the recovered 
starting material). The reaction was complete in under 15 min. 
At higher temperatures, yield of 17a dropped slightly (entries 6 
and 7) due to competing nucleophilic addition route to give the 
respective bipyridine mono-N-oxide (see Scheme 1). Mechanis-
tically, the reaction is likely to resemble oxidative coupling of 
lithium enolates and proceed through single-electron oxida-
tion.15  The key factor appears to be formation of highly ordered 
organolithium aggregates,16 where two pyridine units are fa-
vourably aligned to form C-C bond. Comparison of the results 
in entries 4 and 5 suggests that the kinetically formed com-
plexes at the early stages adopt a correct geometry for coupling, 
whereas within 30 min they rearrange into more stable but non-
reactive complexes. Lithium seems to play a crucial part in 
holding the heterocyclic units together. Thus, addition of 12-
crown-4 to LDA disrupts formation of aggregates and shuts 
down the reaction (entry 8). Likewise, a less Lewis acidic po-
tassium (KHMDS) was not competent either (entry 9).   
Table 1. Optimization of the oxidative dimerization protocol 
(16a → 17a).a 






1 LDA I2 –78  16 0 (80)b 
2 LDA I2 –78  2 0 (85)b 
3 LDA I2 –78  0 0 (81)b 
4 LDA O2 –78 0.5 SM 
5 LDA O2 –78 0 70c (81)d 
6 LDA O2 0 0 60e (72)d 
7 LDA O2 rt 0 55f (65)d 
8 LDA,  
12-crown-4 
O2 –78 0 SM 
9 KHMDS O2 –78 0 SM 
aThe reactions were carried out in dry THF, solution of 16a was 
added to 1.3 equiv of base. Where t = 0, the oxidant was applied 
immediately after addition of 16a. LDA = lithium diisopropyla-
mide, KHMDS – potassium bis(trimethylsilyl)amide, SM – starting 
material. bYield of 2-iodopyridine N-oxide. cD.r. > 25:1, no mono-
N-oxide 11 formed. dYield based on recovered starting material. 
eMono-N-oxide 11 formed (5%). fMono-N-oxide 11 formed (8%).  
With the optimal conditions identified (Table 1, entry 5), the 
scope and limitations of this protocol were explored next (Table 
2). In most cases, the reactions were performed on gram scale, 
there was no noticeable difference in the product yields within 
the tested range of 1-5 mmol scale. For the substrates with aro-
matic substituents 16b-g,i, the reaction followed the same trend 
as for the parent 16a. Configuration of the chiral axis in 17g was 
established as Sa by X-ray analysis (see Supporting Information 
for details), which was extrapolated to all other N,N′-dioxides. 
However, N-oxide 16h, with the methoxy group in the o-posi-
tion capable of chelating Li, failed to produce the coupling 
product, which likely resulted from formation of complexes 
with unfavourable alignment of the pyridine units (entry 8). 
Substrates with heterocyclic substituents 16j and 16k mirrored 
reactivity of the aromatic analogues to furnish the respective 
N,N′-dioxides (entries 10-11). For N-oxides with aliphatic sub-
stituents, the reaction outcome depended on the presence of an 
α-C-H bond in the substituent. Thus, substrates 16l (CF3) and 
16m (tBu) lacking any C-H bond reacted uneventfully (entries 
12, 13), whereas 16n (iPr) proved unreactive, despite a MeOD 
quench in 5 min after deprotonation revealed 75% D incorpora-
tion in the 2-position of the pyridine ring and none in the iPr 
group. The reason for such an anomalous behaviour is not clear 
at the moment. 
The coupling of 2-cyanopyridine 16o resulted in a low yield 
of the N,N′-dioxide 17o. In this instance, the starting material 
was fully consumed through competing side reactions.  
 
Table 2. Scope of oxidative dimerization (16 → 17).a 
entry 16, R (Sa)-17 yield of 17 (brsm)b (%) 
1 16a, Ph 17a 70 (81) 
2 16b, 3,5-(CF3)2-C6H3 17b 45 (74) 
3 16c, 3,5-Me2-C6H3 17c 59 (70) 
4 16d, 4-ClC6H4 17d 38 (89) 
5 16e, 4-FC6H4 17e 65 (87) 
6 16f, 3-NO2C6H4 17f 48 (81) 
7 16g, 4-MeOC6H4 17g 35 (82) 
8 16h, 2-MeOC6H4 17h SM 
9 16i, 2-Naphthyl 17i 40 (76) 
10 16j, 2-Furyl 17j 44 (63) 
11 16k, 2-Thienyl 17k 32 (88) 
12 16l, CF3 17l 75 (75) 
13 16m, tBu 17m 49 (68) 
14 16n, iPr 17n SM 
15 16o, CN 17o 23 
aThe reactions were carried out in dry THF at 1-5 mmol scale, 
using 1.3 equiv of LDA at –78 ºC for deprotonation. A balloon with 
O2 was attached immediately after combining the reactants. In all 
cases d.r. of 17 was >25:1. Configuration Sa was established for 17g 
by X-ray analysis and was extrapolated to all other dioxides 17. 
bIsolated yield; brsm = yield based on recovered starting material. 
The prerequisite to quickly intercept the kinetically formed 
complexes of 2-lithiopyridine N-oxides prompted us to briefly 
examine their electrochemical oxidation (Scheme 3). The reac-
tion was carried out in THF at ambient temperature employing 
LiBF4 as an electrolyte. It was found essential to use Ph3PO (1.5 
equiv), presumably acting as a sacrificial electron acceptor to 
prevent reduction of pyridine N-oxide. The best yields were at-
tained when LDA was added in three portions with 5 min inter-
vals. In these cases, the yields were on par with those obtained 
under O2 atmosphere. The N,N′-dioxides 17a, 17e and 17f were 
attained as single diastereoisomers. Furthermore, formation of 
bipyridine mono-N-oxides was not observed, thus making the 
electrochemical dimerization of 2-lithiopyridine N-oxides 16 a 
useful tool for synthesizing 17.  
Scheme 3. Electrochemical synthesis of atropisomeric bi-
pyridine N,N′-dioxides. 
  
Appearance of bipyridine mono-N-oxides alongside 16a (Ta-
ble 1, entries 6 and 7) raised questions regarding the factors in-
fluencing the competition between the two reaction manifolds: 
oxidative coupling vs nucleophilic addition/elimination se-
quence. Therefore, coupling of N-oxides 10a-c with substitu-
ents in position 5 differing in sizes was examined (Table 3).  
Table 3. Oxidative coupling vs nucleophilic addition/elimi-
nation process.a 
 




1 10a, Ph, H –78 O2 92 0 
2 10a, Ph, H –78 N2 93 0 
3 10b, Ph, Br –78 O2 0 69c 
4 10b, Ph, Br 0 O2 30c 47c 
5 10b, Ph, Br –78 N2 80 0 
6 10c, Ph, Ph –78 O2 0 60c 
7 10c, Ph, Ph 0 N2 0 0 
aThe reactions were carried out in dry THF at 0.4-0.6 mmol 
scale, unless stated otherwise, using 1.3 equiv of LDA at –78 ºC for 
deprotonation. A balloon with O2 was attached immediately after 
combining the reactants. bIsolated yield. cYield based on recovered 
starting material. 
The least sterically congested 2-phenylpyridine N-oxide 10a 
furnished only addition/elimination product 11a under both ox-
idative and inert atmosphere (entries 1,2). The most sterically 
hindered 2,5-diphenylpyridine N-oxide 10c in the presence of 
O2 gave only N,N′-dioxide 9c, while no product was formed un-
der inert atmosphere (entries 6, 7). Bromide in position 5 ap-
pears to mark a borderline case. Under O2 at –78 °C, only N,N′-
dioxide 9b was formed (entry 3), at 0 ºC both reaction manifolds 
exhibited similar rates slightly favoring oxidative dimerization 
(entry 4). Naturally, under N2, only mono-N-oxide 11b was at-
tained (entry 5). The results indicate that the steric size of the 
substituent in position 5, along with the reaction temperature 
and the reaction atmosphere, strongly influence the preferred 
pathway. As a follow up, cross-coupling of two different pyri-
dine N-oxides was examined under conditions favoring nucleo-
philic addition/elimination route (Scheme 4).10c Pyridine N-ox-
ides 10b or 10d were added to a solution of deprotonated N-
oxide 16a at 0 °C under N2 atmosphere. Mono-N-oxides 18ab 
and 18ad were obtained in good yield, though with low dia-
stereoselectivity. 
Scheme 4. Cross-coupling of two different pyridine N-ox-
ides. 
 
To illustrate the advantage of the oxidative dimerization over 
the existing metal-mediated coupling of 2-halopyridines, the 
two sequences in the synthesis of atropisomeric (Sa)-19a were 
compared (Scheme 5).  
Thus, pure (Sa)-17a obtained by oxidative coupling of 16a 
was readily converted to (Sa)-19a by heating with metallic Zn 
in aqueous THF with no erosion of the stereochemical integrity. 
On the other hand, a Ni-catalyzed coupling of 2-chloropyridine 
20, synthesized from 16a and POCl3, furnished a 9:1 mixture of 
atropisomeric (Sa)-19a and (Ra)-19a, which required chromato-
graphic separation, making this route less attractive from the 
practical viewpoint.17 Configuration of the chiral axis in the ma-
jor isomer was confirmed as (Sa)-19a by X-ray crystallography.  
Scheme 5. Synthesis of atropisomeric bipyridines. 
 
In conclusion, we developed a highly chemo- and stereoselec-
tive method for oxidative dimerization of monomeric chiral 
pyridine N-oxides enabling gram scale synthesis of atropiso-
meric N,N′-dioxides. The oxidative coupling manifold uses O2 
as a terminal oxidant and relies on the capture of kinetically 
formed organolithium complexes. The oxidation can be carried 
out in electrochemical cell. The alternative nucleophilic addi-
tion pathway is less stereoselective but allows for the synthesis 
of non-symmetrical biaryls. Application of bipyridine N,N’-di-
oxides 17 and bipyridines 19 in asymmetric catalysis is cur-
rently under investigation and will be reported in due course. 
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